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ABSTRACT 
LANCE ROBERT EZELL: Non-Covalent Interactions, Dative Bonding, and Electron 
Affinities: A Multi-Method Computational Study of Boron Tetrahalides 
(Under the direction of Gregory Tschumper) 
 
This study focuses on boron tetrahalides of the form BFXClY, where X + Y = 4, 
using the B3LYP, M06-2X, and MP2 methods with the aug-cc-pVTZ basis set. The 
various neutral and anionic species were constructed and optimized using the Gaussian 
09 software package, and the equilibrium geometries, harmonic vibrational frequencies, 
and energetics (specifically the electron affinity, vertical attachment and detachment 
energies, and stability with respect to dissociation) of each system are presented. The 
anionic species, due to their closed-shell electron configurations, have relatively high 
symmetry: Td for BF4- and BCl4-, C3v for BF3Cl- and BFCl3-, and C2v for BF2Cl2-. The 
symmetries of the open-shell neutral species, which consist of two isomers (one featuring 
a non-covalent interaction between the boron and the fourth halogen and one marked by 
completely covalent bonds) are lower: including C1, Cs, and C2v. B—F and B—Cl 
covalent bond distances range between 1.30 to 1.45 Å and 1.70 to 2.00 Å, respectively, 
while the non-covalent B!!!Cl bond distances range between 2.9 and 4.0 Å. All neutral 
van der Waals isomers are metastable with respect to dissociation, and covalent isomers 
are less stable, or unstable in the case of BF4. The electron affinities and vertical 
attachment energies generally increase with increasing number of chlorine atoms, after an 
initial decrease between BF4 and BF3Cl, while the vertical detachment energies generally 
decrease with increasing number of chlorine atoms, with a dramatic increase at BCl4. 
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I. Introduction 
1. The Structure of Boron Trihalides 
 Boron trihalides have been extensively studied1 and are prime examples of 
deviancy from the “octet rule.”2 Four boron trihalides are shown in Figure 1, which also 
illustrates the relative bond angles of each. According to VSEPR theory, three electron 
domains (i.e. the three bonding pairs, in our examples) will repel each other in such a 
way as to adopt a trigonal planar geometry, with bond angles of 120°.2 However, we 
know that some electron domains are larger (and, therefore, repel more strongly) than 
others. For example, in Figure 1, the chlorine atoms are larger than the fluorine atoms, 
leading to the smaller bond angle in BF2Cl, and the larger bond angle in BFCl2.1 
 
 
       
Figure 1: Geometries of Boron Trihalides (BFmCln, m + n = 3). Four boron trihalides are given, 
accompanied by the approximate trend in bond angles with increasing number of chlorine atoms. Replacing 
one fluorine with a chlorine decreases the F—B—F angle slightly, while replacing another increases the 
Cl—B—Cl angle. 
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According to valence bond theory, the orbitals of atoms in a molecule hybridize 
into molecular orbitals. In boron tetrahalides, the 2s orbital and two of the 2p orbitals of 
boron hybridize to three sp2 orbitals to obtain the bonding shapes observed, leaving one p 
orbital unhybridized.2 Because the boron is electron-deficient, the halogen atoms each 
contribute some electron density to the unhybridized p orbital, shortening the bonds due 
to the partial π-character. The extent of this partial π-character is what determines the 
Lewis acidity (i.e. the ability to accept electrons from a different system) of the trihalide.1 
2. Adding the Fourth Halogen 
 Boron trihalides have been extensively studied for their Lewis acidities, and BF3 
is a quintessential Lewis acid.1 Upon adding a halide ion (X-) to the boron trihalide 
moiety, the ion donates a lone pair into the boron’s unhybridized p orbital to form a bond, 
pyramidalizing the molecule, as shown in Figure 2. This type of bond, in which the two 
electrons originate from the same atom (the Lewis base, or electron donor), is called a 
dative bond (or a coordinate covalent or dipolar bond). A popular example of this type of 
interaction can be found within the mechanism of Friedel-Crafts reactions, which feature 
aluminum trichloride and the chloride ion acting as a Lewis acid-base pair (Figure 3).3 
Note that because the neutral boron tetrahalides have not been sufficiently studied, it is 
not feasible, at this time, to claim a similar mechanism occurs in their formation. 
3. Electron Affinity versus Electronegativity 
Electron affinity (EA) is the energy released upon the addition of an electron to a 
neutral species, yielding the anion, or conversely, the opposite of the adiabatic 
detachment energy (ADE), which is the energy required to remove an electron from a 
compound. Electronegativity is a measurement of the ability of an atom to attract electron  
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Figure 2: Formation of a Tetrahaloborate Ion. The formation of a tetrahaloborate ion via donation of 
electron density from a halide ion into the unoccupied p orbital of the boron is shown. 
 
 
 
       
Figure 3: Initialization of Friedel-Crafts Acylation. The initial step in the mechanism of a Friedel-Crafts 
acylation (the generation of the acylium ion with AlCl3 as a catalyst) is shown. Notice the chlorine atom of 
the acid chloride donating two electrons to the aluminum atom, generating the dative bond. 
 
 
 
density from another atom to which it is bonded.1 To illustrate this difference, we will 
compare the atomic forms of two halogens, fluorine and chlorine. Fluorine is generally 
accepted to be the most electronegative element, owing to its small size and high 
effective nuclear charge. However, chlorine, which is larger than fluorine and therefore is 
not quite as electronegative, has a larger electron affinity (-3.61 eV over fluorine’s -3.40 
eV).4 This is due to the reduced electron density around the nucleus in the chlorine atom 
versus the fluorine atom.  
For the remainder of this discussion, we will refer exclusively to ADE, rather than 
EA. Related to ADE are vertical attachment and detachment energies (VAE and VDE, 
respectively). VAE is the energy released upon the addition of an electron, while VDE is 
that required to remove an electron. VAE and VDE do not allow for geometrical 
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relaxation, whereas ADE does.4 Figure 4 shows these processes pictorially on a potential 
energy diagram. 
 
 
 
Figure 4: VAE, ADE, and VDE. A potential energy diagram for a diatomic molecule is shown, in which 
the species releases energy upon the addition of an electron (i.e. has a negative electron affinity). The 
processes of vertical attachment (red), vertical detachment (blue), and adiabatic detachment (purple) are 
depicted as lines in the diagram. Notice that the following trend must always be observed for a species 
which possesses a negative electron affinity: VDE > ADE > VAE. 
 
 
 
The unpaired electron in the neutral BX4 species induces a dramatic increase in 
the ADEs of the systems, leading to the possible classification of these systems as 
superhalogens, which are a subset of superatoms (groups or clusters of atoms which 
exhibit properties like those of atoms). Specifically, superhalogens possess ADEs higher 
than that of the atom with the largest: chlorine (3.61 eV).4, Superhalogens have recently 
become important focuses of both computational and experimental research because of 
their applications as extreme oxidizers in unusual syntheses, such as the formation of 
noble gas compounds.5,6 
R
el
at
iv
e 
Po
te
nt
ia
l E
ne
rg
y 
(e
V
) 
Bond Distance (Å) 
Neutral 
Anion 
VAE VDE ADE 
	   5	  
4. Computational Chemistry in a Nutshell 
 Computational levels of theory were, and are still being, derived in order to 
simplify solving the Schrödinger equation (Equation 1), where Ĥ is the Hamiltonian 
operator (Equation 2), which is an abbreviation of the operations needed to describe the 
kinetic and potential energies of each particle in the system under study; Ψ is the wave 
function describing the electrons; and E is the energy, the eigenvalue which results when 
the Hamiltonian operates on the wave function. The energy of an atom is equal to the 
sum of its kinetic and potential energies, as demonstrated in Equation 2. The first two 
terms describe the kinetic energies of each electron and nucleus, while the latter three 
describe the potential energies of each electron and nucleus as determined by the 
interactions with all of the other electrons and nuclei of the system.7 Ĥ𝚿 = 𝐄𝚿  
     ( 1 ) 
Ĥ = − ℏ2𝑚! ∇!!!"!#$%&'(! − ℏ!2 1𝑀! ∇!!
!"#$%&
! − 𝑒!4𝜋𝜀! 𝑍!𝑟!"
!"#$%&
!
!"!#$%&'(
!  
+ 𝒆𝟐𝟒𝝅𝜺𝟎 𝟏𝒓𝒊𝒋 +𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔𝒋
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒊
𝒆𝟐𝟒𝝅𝜺𝟎 𝒁𝑨𝒁𝑩𝑹𝑨𝑩𝒏𝒖𝒄𝒍𝒆𝒊𝑩
𝒏𝒖𝒄𝒍𝒆𝒊
𝑨   
  ( 2 ) 
  The Schrödinger equation is relatively easily solved for one-electron systems 
(e.g. H, He+, Li2+, etc.), but approximations are necessary for solving the equation for 
multi-electron systems. The first approximation generally made, the Born-Oppenheimer 
approximation, assumes that nuclei are stationary, relative to electrons, and therefore, 
have no kinetic energy. This removes the second term of Equation 2 and reduces the last 
term to a constant, which can be removed. The resulting operator is referred to as the 
“molecular electronic Hamiltonian” (Equation 3). Computational methods were, and are, 
developed in order to calculate the elusive final term of this Hamiltonian.7 
	   6	  
 
Ĥ𝒆𝒍 = − ℏ𝟐𝒎𝒆 𝛁𝒊𝟐𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔𝒊 − 𝒆𝟐𝟒𝝅𝜺𝟎 𝒁𝑨𝒓𝒊𝑨
𝒏𝒖𝒄𝒍𝒆𝒊
𝑨
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒊 + 𝒆𝟐𝟒𝝅𝜺𝟎 𝟏𝒓𝒊𝒋
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒋
𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒏𝒔
𝒊   
 (	  3	  ) 
 The Hartree-Fock approximation, which follows mean field theory, assumes each 
electron feels the same constant, average field from the other electrons. This leads to a set 
of differential equations known as the Hartree-Fock equations, which can then be 
expressed in an atomic orbital basis set using the Roothaan-Hall series of matrix 
equations. The Roothaan-Hall equations must be solved iteratively through what is called 
a self-consistent-field (SCF) procedure. This method of computation is known as the 
Hartree-Fock (HF) method. There will always be a difference between the calculated 
SCF energy and the actual energy of a system, called the correlation energy, because of 
the nature of the Hartree-Fock approximation. In addition to correlation effects, the HF 
method also ignores excited-state electron configurations (i.e. it only takes the ground-
state electron configuration into account).7 
 An excited-state electron configuration is one that does not comply with the 
aufbau principle, which indicates that electrons will occupy orbitals in such a way as to 
minimize the total energy of the atom.1 Full configuration interaction (FCI) is the 
inclusion of all excited-state electron configurations in a calculation and would provide 
exact solutions to the full Schrödinger equation for a given basis set. However, the 
number of excited-state configurations is infinite for every given system, practically 
devaluing FCI. Nonetheless, computational methods can be systematically converged 
toward the FCI limit. 
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For example, by adding accessible (because there are an infinite amount, so the 
number included in the calculation is limited) excited-state configurations, the 
configuration interaction (CI) methods were developed. The type of accessible excited-
state configurations is denoted by a series of letters that follow the “CI.” The CIS method 
is based solely on single-electron excitations (i.e. excitations of one electron at a time), 
while the CID method is based only on double-electron excitations (i.e. excitations of two 
electrons at a time), and the CISD method allows both single- and double-electron 
excitations.7 
The major downfall of the CI methods lies in their size inconsistency. This can be 
seen when considering the CISD method with a two-electron system (e.g. the helium 
atom) versus a four-electron system (e.g. He2) using two basis functions (Figures 5 and 6, 
respectively). In the two-electron system, only single- and double-electron excitations 
need be considered because there are only two electrons. However, in the four-electron 
system, with the CISD method, triple- and quadruple-electron excitations are not taken 
into account. Therefore, within the basis set, the CISD method can exactly describe He, 
but cannot do so with He2.7 
 
 
 
                                                      
Figure 5: The CISD Description of He. The CISD treatment (with two basis functions) of a two-electron 
system (e.g. He) is shown. Notice that, because there are only two electrons, only single- and double-
electron excitations need be considered. 
 
 
 
+ +
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Figure 6: The CISD Description of He2. The CISD treatment (with two basis functions) of a four-electron 
system (e.g. He2) is shown. Notice that, because there are four electrons, triple- and quadruple-electron 
excitations would need to be considered in order to exactly describe this system (for the given basis set). 
 
 
 
 Practical size-consistent alternatives to the CI methods can be found in the 
Møller-Plesset methods (MPn, where n denotes the “order” of the model). MPn is based 
on the fact that while the HF wave function Ψ0 (which does not include correlation 
effects) and ground-state energy E0 are merely approximate solutions to the molecular 
Schrödinger equation, they are exact solutions to an analogous equation, using the HF 
Hamiltonian (Ĥ0) in place of the exact Hamiltonian. If it can be assumed that the HF 
wavefunction and ground-state energy are very close to the exact wavefunction and 
ground-state energy, then the exact Hamiltonian can be written out as in Equation 4, 
where λ is a dimensionless parameter for the small perturbation V. This equation allows 
for the expansion of the exact wave function and ground-state energy in terms of the HF 
values, where the extent of expansion is dependent upon the order of the MPn model.7 Ĥ = Ĥ𝟎 + 𝝀𝑽  
     (	  4	  )	  
 Density functional theory (DFT) is another approach to computational methods. 
These methods are based upon an idealized many-electron system, specifically an 
electron gas of uniform density. By fitting the electron density to a function, the 
exchange/correlation functional is obtained. More exact solutions can be obtained by also 
fitting the derivative (or gradient) of the electron density to a function. Minimizing the 
+ + + +
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DFT ground-state energy yields a set of matrix equations, the Kohn-Sham equations 
(which are analogous to the Roothaan-Hall equations).7 
 The linear combination of atomic orbitals (LCAO) approximation does not 
directly simplify the mathematics of the Schrödinger equation. It merely provides an 
easier view of orbitals, tailored to molecules. It states that, as the name suggests, 
molecular orbitals (MOs) are linear combinations of atomic orbitals (AOs). A linear 
combination is defined as the sum of any number of terms, each multiplied by a unique 
coefficient. Equation 4 gives the mathematical expression for this approximation, where 
ψ is the MO wave function, ϕ is the wave (basis) function of a constituent AO, c is the 
corresponding coefficient, and µ is the unique designation for each basis function.7 
𝛙𝒊 = 𝒄𝝁𝒊𝝓𝝁𝒃𝒂𝒔𝒊𝒔  𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏𝒔𝝁   
    (	  5	  ) 
 A basis set (i.e. a collection of basis functions) is used in conjunction with a 
computational method in order to attain a better potential energy surface (PES). To do 
this, a basis set approximates the nature of atomic using Gaussian functions. An analog 
for this would be using rectangles to approximate the area under a curve. An infinite 
number of rectangles (i.e. the definition of an integral) would be ideal, so too would an 
infinite number of basis functions, though an infinite number of basis sets is completely 
impractical. Therefore, analogous to the systematic convergence of methods toward the 
FCI limit, basis sets can be systematically converged toward the complete basis set (CBS) 
limit.7 
 Minimal basis sets are those which use only the necessary number of basis 
functions in order to describe the occupied orbitals of an atom. For hydrogen and helium, 
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this would include only the basis function that describes the 1s orbital (or one s function); 
for second-period elements, it would be those that describe the 1s, 2s, and 2p orbitals (or 
two s functions and one set of three p functions); and so on. Every basis set must include 
these minimal basis functions for each system in order to accommodate all of the 
electrons.7 
 A split-valence basis set is one that differentiates between core and valence 
electrons, using one set of (minimal) functions for the core and multiple sets (denoted as 
a multiple of zeta, ζ) for the valence electrons.7 For example, for the second-period 
elements, a double-zeta basis set would describe the 1s orbital with a single s function, 
while describing the 2s and 2p orbitals with two sets of their respective functions, giving 
a total of three s functions and two sets of three p functions. 
 Polarization basis sets add polarization functions to the basis set. A double-zeta 
polarization basis set includes the minimal basis set and adds the functions necessary to 
describe the next, higher angular momentum.7 For the second-period elements, this 
means the following functions would be employed: two s functions, one set of three p 
functions, and one set of five d functions. 
 Diffuse functions are shallow Gaussian curves that can be added onto basis 
functions and allow for the more accurate description of anionic species, excited states, 
and systems involving long-range interactions. When used in conjunction with 
polarization or split-valence basis sets, these prove helpful in predicting ultraviolet (UV) 
radiation absorption spectra.7 
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5. Boron Tetrahalides, Then and Now 
Gutsev et al. studied boron tetrafluoride (BF4) using the MBPT4 (analogous to the 
MP4) method with the 6-311+G(2d) basis set. During the study, they found a B!!!F 
(non-covalent) distance of 2.66 Å and an ADE of 6.75 eV.8 
Anusiewicz et al. studied mixed tetrahaloborate complexes using the MP2 method 
for geometry optimizations and the Outer-Valence Green’s Function method, or OVGF, 
to compute the VDEs with the 6-311+G(3df) basis set. Their results show a general 
decrease in VDE with increasing number of chlorine atoms, with the exception of BCl4. 
Though OVGF is generally considered to be more reliable than other methods of 
calculating VDEs, the group reported tetrahedral equilibrium MP2-optimized angles for 
each system, which seems to challenge VSEPR theory.9 
Goebbert studied the BFxCly, x + y = 4, series of systems at the B3LYP/aug-cc-
pVTZ level of theory. He reported the existence of two isomers for each neutral species, 
except BF3Cl: a non-covalent (van der Waals) isomer, which features a halogen atom 
interacting with a boron trihalide moiety, and a covalent isomer, which features four 
covalent bonds to the central boron. He describes all systems as superhalogens, with a 
general increase in ADE and a general decrease in VDE with increasing number of 
chlorine atoms, but no discernable pattern in VAE.10 
This study focuses on the BFxCly, x + y = 4, series of boron tetrahalides at varying 
levels of theory, starting at the B3LYP/aug-cc-pVTZ level, utilizing tighter convergence 
criteria than that used by Goebbert10 and comparing to those of Gutsev8 and Anusiewicz.9 
Also included in this study are the M06-2X/aug-cc-pVTZ and MP2/aug-cc-pVTZ levels 
of theory. 
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II. Methods 
 Geometry optimizations and harmonic vibrational frequency calculations on the 
boron tetrahalide series BFxCly, x + y = 4, were performed with the Gaussian 09 software 
package, using the B3LYP, M06-2X, and MP2 methods with the aug-cc-pVTZ basis set. 
For neutral (open-shell) species, unrestricted methods were used, allowing for spatial 
delocalization of electrons, whereas restricted methods were used for the anionic (closed-
shell) species. The SCF convergence criteria was set to 10-10 Eh, and an “ultrafine” 
numerical integration grid was employed for calculations with DFT methods. Single-
point calculations were performed in order to obtain the structures and energies of the 
anions at the neutral equilibrium geometries and vice versa. Because unrestricted MP2 
(U-MP2) calculations are particularly prone to spin contamination, spin-projected (PU-
MP2) calculations, which help to remove these contaminants, were also utilized for 
neutral species. 
Relative energies with respect to dissociation into infinite distance, VAEs, ADEs, 
and VDEs were calculated using Equations 6-9, respectively. The letter E refers to the 
energy of the species in parentheses. In Equation 6, BFmCln corresponds to the species 
described by BFxCly, with the removal of one fluorine atom (for BF4) or one chlorine 
	   13	  
atom (for the other species). In Equation 7, “neut” refers to the anionic species at the 
neutral species’ equilibrium geometry, and vice versa for “an” in Equation 9. “EQ” refers 
to the equilibrium geometry for the respective species. For any given calculation, the 
species BFxCly are the same molecule (with the only difference being the number of 
electrons). 
 ∆𝑬 = 𝑬 𝑩𝑭𝒙𝑪𝒍𝒚 − 𝑬 𝑩𝑭𝒎𝑪𝒍𝒏 + 𝑬 𝑿  𝒎 + 𝒏 = 𝟑;𝑿 = 𝑭,𝑪𝒍  
                   (	  6	  ) 𝑽𝑨𝑬 = 𝑬 𝑩𝑭𝒙𝑪𝒍𝒚! 𝒏𝒆𝒖𝒕 − 𝑬[𝑩𝑭𝒙𝑪𝒍𝒚 𝑬𝑸 ]  
  (	  7	  ) 𝑨𝑫𝑬 = 𝑬 𝑩𝑭𝒙𝑪𝒍𝒚 𝑬𝑸 − 𝑬[𝑩𝑭𝒙𝑪𝒍𝒚! 𝑬𝑸 ]  
  (	  8	  ) 𝑽𝑫𝑬 = 𝑬 𝑩𝑭𝒙𝑪𝒍𝒚 𝒂𝒏 − 𝑬[𝑩𝑭𝒙𝑪𝒍𝒚! 𝑬𝑸 ]  
  (	  9	  ) 
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III. Results and Discussion 
 The calculated equilibrium geometrical parameters and harmonic vibrational 
frequencies for each species (BFxCly, x + y = 4) at each level of theory (B3LYP, M06-
2X, and MP2 methods with the aug-cc-pVTZ basis set) are given in Tables 1-14. The 
two-dimensional depictions and representative three-dimensional geometries of the 
structures are given in Figures 7-9.  
 The anions (Figure 7) are all of relatively high symmetry: Td for BF4- and BCl4-, 
C3v for BF3Cl- and BFCl3-, and C2v for BF2Cl2-. This is consistent with their closed-shell 
natures and intuitively symmetrical bonding (i.e. having at least two geometrically 
equivalent atoms). All bond angles are nearly tetrahedral (109.5°), with the largest 
deviations belonging to BF2Cl2 (with an F—B—F angle calculated to be 112.4°, 112.3°, 
and 111.9° for B3LYP, M06-2X, and MP2, respectively). The calculated VDEs (Table 
18) generally decrease with an increasing number of chlorine atoms, with a dramatic 
increase at BCl4, after an initial decrease from BF4- to BF3Cl-. This is consistent with, 
though different in value from, the data produced by Goebbert10 and Anusiewicz.9 Any 
discrepancies are easily accounted for by the differences in the computational procedures 
used in each study. 
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Figure 7: Anionic Models. Two-dimensional depictions and representative three-dimensional molecular 
models for the anionic species in this study are given. 
 
 
 
 
All of the van der Waals (non-covalent) isomers of the neutral species are 
essentially halogen atoms interacting with boron trihalide moieties (as shown in Figure 
8), leading to Cs symmetry in all cases, except BFCl3 (which has C1 symmetry at all 
levels of theory) and BF3Cl at the M06-2X level (which also has C1 symmetry). No 
discernible correlation exists between the number of chlorine atoms and bond distances. 
 
 
                             
Figure 8: Non-Covalent Neutral Isomer Models. Two-dimensional depictions and representative three-
dimensional molecular models for the van der Waals complex isomers of the neutral species in this study 
are given. The superscripts in the figure parallel those used in Tables 2, 5, 7, 10, and 13. 
 
 
 
For the non-covalent isomers, the calculated relative energies (Table 15) indicate 
these compounds are lower in energy than the halogen and boron trihalide separated by 
an infinite distance by a range of 0.53 kcal/mol (for BF4 and BF3Cl at the B3LYP level) 
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to 3.2 kcal/mol (for BF2Cl2 at the M06-2X level). Though no trend exists according to 
DFT, at the MP2 level, the relative energies of the systems generally decrease (i.e. 
become more negative) with the successive substitution for more chlorine atoms, 
signifying that having more chlorine atoms in the boron trihalide moiety affords the 
system a more favorable interaction with the additional chlorine atom. The VAEs (Table 
16) of these compounds seem to follow no discernable trend at the M06-2X level. 
However, both B3LYP and MP2 calculate a general decrease in VAE with increasing 
number of chlorine atoms, after an initial decrease from BF4 to BF3Cl of 0.12 eV at the 
B3LYP level and of 0.25 eV at the MP2 level. The ADEs (Table 17) of these systems 
generally increase with the number of chlorine atoms, again after an initial decrease from 
BF4 to BF3Cl. 
The covalent isomers (Figure 9) have slightly higher symmetry than their non-
covalent counterparts: C2v for BF4, BF2Cl2, and BCl4 and Cs for BFCl3. Consistent with 
Goebbert’s report, no covalent structure for BF3Cl was found at any level of theory.10 In 
general, the energies relative to dissociation into infinite distance (Table 15) are 
negligibly higher (i.e. more positive) than the van der Waals isomers’, with the most 
notable exception being BF4, for which the covalent structure was calculated to be 2.43 
kcal/mol (B3LYP), 9.92 kcal/mol (M06-2X), 12.75 kcal/mol (U-MP2), and 9.59 kcal/mol 
(PU-MP2) higher in energy than its non-covalent partner. According to DFT, the relative 
energies generally increase with more chlorine atoms, while the opposite is true at the 
MP2 level. After an initial decrease from BF4 to BF2Cl2, the VAEs and ADEs of these 
isomers (Tables 16 and 17, respectively) generally increase with the number of chlorine 
atoms. 
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Figure 9: Covalent Neutral Isomer Models. Two-dimensional depictions and representative three-
dimensional molecular models for the covalent isomers of the neutral species in this study are given. The 
superscripts in the figure parallel those used in Tables 3, 8, 11, and 14. 
 
 
 
 
1. BF4 
 The anion has Td symmetry, with a B—F bond distance of 1.412, 1.403, and 
1.410 Å for B3LYP, M06-2X, and MP2 respectively. The vibrational modes and 
frequencies (Table 1) are nearly identical to those reported by Goebbert.10 The calculated 
VDEs (Table 18, first numerical row) range from 7.26 eV (B3LYP) to 8.22 eV (M06-
2X). 
 The non-covalent isomer was found to have Cs symmetry, with a B!!!F distance 
of 2.871, 2.568, and 2.768 Å for B3LYP, M06-2X, and MP2 respectively (Table 2, third 
numerical row). At the B3LYP level, the structure has shorter bond distances than 
Goebbert’s reported structure.10 This isomer’s energy, relative to dissociation into infinite 
distance, (Table 15, first numerical row) ranges from -0.53 kcal/mol (B3LYP) to -2.02 
kcal/mol (M06-2X). The average VAE (from Table 16, first numerical row) was 
calculated to be 4.20 eV, appreciably higher than the value of 3.49 eV reported by 
Goebbert.10 The calculated ADEs (Table 17, first numerical row) are also somewhat 
larger than Goebbert’s 6.83 eV (by about 0.15 eV), except at the B3LYP level, which 
was calculated to be nearly identical to that reported by Goebbert, with a difference of 
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0.02 eV.10 The average ADE (6.94 eV) is 0.19 eV higher than the value of 6.75 eV 
reported by Gutsev.8 
 The covalent isomer was found to have C2v symmetry. Two separate bond lengths 
were described (Table 3, first and second numerical rows). The longer bonds have a 
length of 1.500, 1.485, and 1.491 Å at the B3LYP, M06-2X and MP2 levels, respectively. 
The shorter ones have a length of 1.326, 1.321, and 1.327 Å at the B3LYP, M06-2X, and 
MP2 levels, respectively. An identical structure to that reported by Goebbert10 was found 
at the B3LYP level, while M06-2X and MP2 calculated shorter equilibrium bond 
distances. This isomer seems to be characterized by a very unfavorable interaction, 
relative to separation of the two moieties into infinite distance, with relative energies 
(Table 15, second numerical row) ranging from 1.90 kcal/mol (B3LYP) to 11.41 
kcal/mol (U-MP2). The average calculated VAE for this species (from Table 16, second 
numerical row) is 5.51 eV, less than 0.1 eV higher than the value of 5.44 eV reported by 
Goebbert.10 The ADEs for this species (Table 17, second numerical row) are between 0.4 
eV (M06-2X) and 0.64 eV (U-MP2) higher than that reported by Goebbert (6.95 eV),10 
except for B3LYP, for which the ADE is virtually identical to Goebbert’s, with a 
difference of 0.03 eV. 
2. BF3Cl 
 The anion is of C3v symmetry, with average B—F and B—Cl bond lengths of 
1.386 and 1.960 Å, respectively (from Table 4, first and second numerical rows). The 
geometrical parameters (Table 4) are in good agreement with those reported by 
Goebbert,3 with bond distances within 0.04 Å and bond angles within 0.4°. The 
calculated harmonic vibrational frequencies at the B3LYP level (Table 4, first numerical 
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column) are nearly identical to those reported by Goebbert,10 with a maximum difference 
of 1 cm-1. The calculated VDEs (Table 18, second numerical row) are also in fairly good 
agreement with past studies, within 0.5 eV of the value of 6.428 eV reported by 
Anusiewicz9 (5.97 eV, B3LYP) and within 0.3 eV of the value of 5.93 eV reported by 
Goebbert10 (6.23 eV, U-MP2).  
 The neutral species (for which no stable covalent isomer was identified) is near 
C3v symmetry. This is consistent with Goebbert’s report;10 however, the open-shell nature 
of the system leads to a slightly lower point group symmetry. A minimum of Cs 
symmetry was not located at the M06-2X level of theory, though the C1 structure 
reported herein is near Cs symmetry (Table 5, middle column) and is expected to be 
negligibly lower in energy than the Cs structure. The B3LYP structure seems to be 
identical to that reported by Goebbert10 (but of slightly higher symmetry), with the MP2 
and M06-2X structures having shorter bond distances. The B!!!Cl distance ranges from 
2.998 Å (M06-2X) to 3.384 Å (B3LYP), in fairly good agreement with Goebbert’s 
reported 3.373 Å.10 
 The relative energy, with respect to dissociation into infinite distance, of this 
compound (Table 15, third numerical row) ranges from -0.53 kcal/mol (B3LYP) to -2.48 
kcal/mol (M06-2X). Relative to the non-covalent isomer of BF4, there is a decrease in 
VAE (Table 16, first and third numerical rows) of 0.12 eV at the B3LYP level, of 0.25 
eV at the U-MP2 level, and one of 0.24 eV at the PU-MP2 level, while the values are 
virtually identical at the M06-2X level, with a difference of 0.02 eV. These findings are 
inconsistent with Goebbert’s report, which indicates an increase of 0.55 eV.10 A decrease 
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in ADE between the non-covalent isomers of BF4 and BF3Cl was calculated, with an 
average magnitude of 1.93 eV (from Table 17, first and third numerical rows). 
3. BF2Cl2 
 The anion is of C2v symmetry, with average B—F and B—Cl bond distances of 
1.375 and 1.913 Å, respectively (from Table 6, first two numerical rows). The 
geometrical parameters and harmonic vibrational frequencies are in good agreement with 
those reported by Goebbert,10 with bond distances within 0.025 Å and bond angles within 
0.7°. The calculated VDEs (Table 18, middle numerical row) of this species are also 
within 0.39 eV of the value reported by Goebbert (5.58 eV)10 and within 0.52 eV of that 
reported by Anusiewicz (6.089 eV).9 
 The non-covalent neutral isomer is of Cs symmetry, with a B!!!Cl distance of 
3.087, 3.011, and 3.198 Å at the B3LYP, M06-2X, and MP2 levels, respectively (Table 
7, third numerical row). Again, the B3LYP structure is nearly identical to that reported by 
Goebbert,10 but with a shorter B!!!Cl distance, by 0.026 Å. This isomer possesses an 
energy, relative to dissociation into infinite distance (Table 15, fourth numerical row), 
between -1.85 kcal/mol (B3LYP) and -3.20 kcal/mol (M06-2X). The average calculated 
VAE (from Table 16, fourth numerical row) is 4.11 eV, 0.5 eV higher than the value 
reported by Goebbert (3.61 eV).10 Although the trend calculated by Goebbert10 (a 
decrease by about 0.4 eV from BF3Cl) is observed at the B3LYP level, there is virtually 
no difference between these two at the MP2 level, with a maximum difference of 0.02 
eV. The average ADE (from Table 17, fourth numerical row) is 0.11 eV higher than the 
value of 5.09 eV reported by Goebbert.10 The general trend calculated by Goebbert10 (an 
increase of about 0.1 eV from BF3Cl) is still observed at the B3LYP level, with an 
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increase of 0.12 eV, while the other levels of theory calculate increases of 0.18 eV (M06-
2X), 0.23 eV (U-MP2), and 0.22 eV (PU-MP2). 
 The covalent isomer of BF2Cl2 is of C2v symmetry, like its anionic counterpart, 
with average B—F and B—Cl distances of 1.327 and 1.954 Å, respectively (from Table 
8, first two numerical rows). Again, a structure nearly identical to that reported by 
Goebbert was found at the B3LYP level, with a shortening of covalent bond lengths, 
proceeding to the M06-2X and MP2 levels. According to DFT, this isomer has a lower 
(i.e. more negative) energy, relative to dissociation into infinite distance (Table 15, fourth 
and fifth numerical rows), than the non-covalent isomer (by 0.25 kcal/mol at the B3LYP 
level and by 0.41 kcal/mol at the M06-2X level), which is only one of two examples of 
this in the current study. The U-MP2 method calculates that the non-covalent isomer has 
a lower relative energy (by 0.99 kcal/mol), while the PU-MP2 method calculates that 
they are virtually identical in energy, with a difference of 0.01 kcal/mol. Between the two 
isomers of this species at the B3LYP level, there is a calculated increase in the VAE (of 
0.53 eV; Table 16, fourth and fifth numerical rows, first numerical column), identical to 
the increase calculated by Goebbert.10 At the MP2 level (Table 16, fourth and fifth 
numerical rows, last two columns), the magnitude of the increase is decreased to about 
0.1 eV, while at the M06-2X level (Table 16, fourth and fifth numerical rows, middle 
column), there is actually a decrease in VAE of 0.76 eV. Consistent with Goebbert’s 
results,10 there is very little difference between the ADEs of the non-covalent and 
covalent isomers (Table 17, fourth and fifth numerical rows), with the largest difference 
occurring at the U-MP2 level: 0.04 eV. This indicates the isomers are nearly identical in 
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energy, which is supported by the relative energies (Table 15). These values indicate the 
largest separation of the isomers to be less than 1.00 kcal/mol. 
4. BFCl3 
 The anion is of C3v symmetry, with average B—F and B—Cl bond distances of 
1.368 and 1.887 Å, respectively (from Table 9, first and second numerical rows). All 
geometrical parameters and harmonic vibrational frequencies at the B3LYP level (Table 
9, first numerical column) are in good agreement with those reported by Goebbert,10 with 
bond lengths within 0.001 Å and bond angles within 0.1°. Both Goebbert10 and 
Anusiewicz9 calculated a very small change in VDE from BF2Cl2 to BFCl3, a trend also 
seen at all levels of theory in this study, with the largest difference (-0.1 eV) occurring at 
the B3LYP level of theory. 
 The van der Waals isomer is of C1 symmetry, with a B!!!Cl distance of 3.788, 
3.119, and 3.258 Å for B3LYP, M06-2X, and MP2 respectively (Table 10, fourth 
numerical row). It is important to note that the structure found at the B3LYP level is 
qualitatively different from those found at the other two levels of theory for this study, as 
well as the structure reported by Goebbert.10 This structure (shown in Figure 10, next 
page) is the only structure in this study to feature the fourth halogen (in this case a 
chlorine atom) as being nearly coplanar with the boron trihalide (in this case, BFCl2) 
moiety. As the structures in Figure 8 show, the fourth halogen atom is otherwise 
calculated to be nearly directly over the boron atom. 
 Despite the qualitative discrepancies among the optimized geometries, the energy 
of this isomer, relative to dissociation into infinite distance (Table 15, sixth numerical 
row), ranges from -1.92 kcal/mol (U-MP2) to -3.13 kcal/mol (M06-2X). Goebbert 
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calculated an increase in VAE by about 0.3 eV from the non-covalent isomer of BF2Cl2 
to that of BFCl3,10 while the reverse trend is seen at the B3LYP level of this study (Table 
16, fourth and sixth numerical rows, first numerical column). This can be easily attributed 
to the qualitatively different structures found. The M06-2X and MP2 levels of theory 
calculated a decrease of 1.05 eV and 0.12 eV, respectively (Table 16, fourth and sixth 
numerical rows, last three columns). Goebbert also calculated an increase in ADE (of 
about 0.2 eV) between the same species.10 This trend is observed at all levels of theory in 
this study, except for B3LYP, for which the magnitude of the increase is about half that 
value (Table 17, fourth and sixth numerical rows). 
 
                                                             
Figure 10: B3LYP Structure of BFCl3 (vdW). The B3LYP-calculated three-dimensional structure of the 
van der Waals isomer of the neutral BFCl3 is given. Notice that the unbound chlorine atom appears to be 
coplanar with the BFCl2 moiety. 
 
 
 
 The covalent isomer is of Cs symmetry, with an average B—F distance of 1.327 Å 
and average B—Cl distances of 1.950 Å, for the equivalent chlorine atoms, and 1.774 Å, 
for the lone chlorine atoms (from Table 11, first three numerical rows). Again, a structure 
nearly identical to that reported by Goeebert10 was found at the B3LYP level, and the 
M06-2X and MP2 structures are in fairly good agreement with these calculations, with 
bond lengths within 0.031 Å and bond angles within 1.7°. The energy of this isomer, 
relative to dissociation into infinite distance (Table 15, seventh numerical row), ranges 
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from -0.93 kcal/mol (B3LYP) to -3.11 kcal/mol (M06-2X). It is interesting to note that 
the PU-MP2 calculations actually give this isomer a lower energy than the non-covalent 
isomer, by 0.46 kcal/mol. This is the second of only two examples of this in the current 
study, with the first being the DFT calculations of BF2Cl2. Goebbert calculated an 
increase in the VAE of about 0.3 eV from the van der Waals isomer,10 a trend also seen at 
all levels of theory in this study, except for B3LYP, for which the magnitude of the 
change increased to 0.93 eV (Table 16, sixth and seventh numerical rows). Also 
consistent with Goebbert’s findings,10 the ADEs of the covalent isomer are nearly 
identical to those of the van der Waals isomer, with the largest deviation (0.06 eV) 
calculated by the B3LYP method (Table 17, sixth and seventh numerical rows). This 
indicates, as with the BF2Cl2 calculations, that these isomers are nearly identical in 
energy. 
5. BCl4 
 The anion, like that of BF4, belongs to the Td point group, with B—Cl distances of 
1.879, 1.864, and 1.861 Å for B3LYP, M06-2X, and MP2 respectively (Table 12, first 
numerical row). The geometrical parameters and harmonic vibrational frequencies 
calculated at the B3LYP level (Table 12, first numerical column) are in good agreement 
with those reported by Goebbert,10 with bond distances within 0.18 Å and identical bond 
angles of 109.5°. Goebbert10 and Anusiewicz9 calculated an increase in VDE from BFCl3 
of about 0.05 eV and 0.14 eV, respectively. In this study (Table 18, last two rows), while 
B3LYP and U-MP2 followed Goebbert’s calculations more closely (0.06 and 0.07 eV, 
respectively), M06-2X followed Anusiewicz’s (0.15 eV), and PU-MP2 fell in the middle 
(0.09 eV). 
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 The non-covalent isomer is of Cs symmetry, with a B!!!Cl distance of 3.529, 
3.209, and 3.317 Å for B3LYP, M06-2X, and MP2 respectively (Table 13, third 
numerical row). Again, a structure nearly identical to that described by Goebbert10 was 
found at the B3LYP level, with M06-2X and MP2 shortening the bond distances (Table 
13, first three numerical rows). The energy of this system, relative to dissociation into 
infinite distance (Table 15, eighth numerical row), ranges from -1.67 kcal/mol (B3LYP) 
to -3.13 kcal/mol (M06-2X). Goebbert calculated a decrease in VAE (of about 0.4 eV) 
from the non-covalent BFCl3 isomer.10 Although this trend is observed at the M06-2X 
and MP2 levels, the magnitude is decreased to 0.05 eV and 0.08 eV, respectively (Table 
16, sixth and eighth numerical rows, last three columns). The trend is not observed at the 
B3LYP level, which actually calculated an increase of 0.14 eV (Table 16, sixth and 
eighth numerical rows, first numerical column). While Goebbert calculated no change in 
the ADE from the van der Waals BFCl3 isomer,10 there was an average increase of 0.12 
eV in this study (Table 17, sixth and eighth numerical rows). 
 The covalent isomer is of C2v symmetry. As for the covalent isomer of BF4, two 
sets of bond lengths were calculated. The shorter B—Cl bonds have an average length of 
1.775 Å (from Table 14, first numerical row), while the longer bonds have an average 
length of 1.942 Å (from Table 14, second numerical row). The structures reported herein 
have significantly higher first vibrational frequencies (Table 14, bottom half) than the 
structure reported by Goebbert.10 Goebbert’s lower frequencies are actually indicative of 
a weakly-bound non-covalent interaction, not unlike those featured in the van der Waals 
complexes of the studies. 
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 In general, this isomer has a slightly higher (i.e. more positive) energy, relative to 
dissociation into infinite distance, as compared to the non-covalent isomer (Table 15, last 
two rows), with differences of 0.20 kcal/mol (M06-2X) and 0.25 kcal/mol (U-MP2). 
However, B3LYP calculated a much higher relative energy, 2.08 kcal/mol higher than the 
van der Waals isomer, and PU-MP2 actually calculated the covalent isomer as being 0.81 
kcal/mol lower in energy than the other isomer. Goebbert calculated a slight decrease of 
about 0.08 eV in VAE between the two isomers of BCl4 (Table 16, last two rows, right 
column).10 This trend is not observed in this study (Table 16, last two rows). Instead, 
there are increases of 0.79 eV (B3LYP), 0.56 eV (M06-2X), 0.52 eV (U-MP2), and 0.48 
eV (PU-MP2). Goebbert also calculated an increase of about 0.2 eV in the ADE between 
the two isomers (Table 17).10 At the M06-2X and MP2 level, the ADEs are nearly 
identical, but B3LYP calculated a difference of 0.08 eV, with the covalent isomer higher 
than the van der Waals isomer. 
  
	   27	  
 
 
 
 
 
 
IV. Conclusions 
In general, the results obtained are in good agreement with past studies.8,9,10 
Between the two DFT methods (B3LYP and M06-2X), M06-2X generally calculated 
structures with shorter bond lengths and higher harmonic vibrational frequencies, while 
B3LYP essentially recreated Goebbert’s reported structures.10 The PU-MP2 energies 
were lower than, but within 0.18 eV of, their U-MP2 counterparts. 
 All non-covalent isomers have negative energies, relative to dissociation 
into infinite distance, by at least 0.53 kcal/mol (for BF4 and BF3Cl at the B3LYP level) 
and at most 3.20 kcal/mol (for BF2Cl2 at the M06-2X level). Most of the covalent isomers 
have slightly higher relative energies, with a minimum of -3.61 kcal/mol (for BF2Cl2 at 
the M06-2X level) and a maximum of -0.93 kcal/mol (for BF2Cl2 at the U-MP2 level and 
BFCl3 at the B3LYP level). This is, of course, excluding the positive relative energies of 
BCl4 at the B3LYP level (0.41 kcal/mol) and BF4 at all levels of theory (ranging from 
1.90 kcal/mol, at the B3LYP level, to 11.41 kcal/mol, at the U-MP2 level). 
 In general, the B—X bond distance decreases with an increase in the 
number of chlorine atoms for a given method, while there seems to be no discernible 
trend in the B!!!X distances. While the VDEs seem to decrease with an increasing 
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number of chlorine atoms (with a dramatic increase at BCl4), VAEs and ADEs seem to 
follow the opposite trend, increasing with an increasing number of chlorine atoms, after 
an initial decrease between BF4 and BF3Cl. Consistent with Goebbert’s data,10 the ADEs 
generally increase between the van der Waals and covalent isomeric pairs, which is also 
supported by the general increase in relative energies for the covalent isomers, relative to 
the non-covalent counterparts. 
 As a logic check, according to Figure 4, the following trend should always 
be observed for systems that release energy upon the addition of an electron (like the 
systems in this study): VDE > ADE > VAE. This trend is observed in this study (see 
Tables 16-18). According to the values listed in Table 17, the ADE of each system, at 
each level of theory, was calculated to be greater than that of atomic chlorine (3.61 eV).4 
Therefore, all of the species reported herein can be designated as superhalogens, with the 
largest ADE belonging to the covalent isomer of BF4, which is consistent with 
Goebbert’s findings.10  
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TABLES 
 
Table 1: BF4- Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, and 
harmonic vibrational frequencies are in cm-1. This species belongs to the Td point group. Therefore, all of 
the fluorine (F) atoms are geometrically equivalent, and all the bond angles are 109.5°, to one decimal 
place. 
Method R-B3LYP R-M06-2X R-MP2 
B—F 1.412 1.403 1.410 
Frequencies 341 (E) 348 (E) 344 (E) 
 508 (T2) 520 (T2) 513 (T2) 
 752 (A1) 780 (A1) 757 (A1) 
 1051 (T2) 1104 (T2) 1080 (T2) 
 
Table 2: BF4 (vdW) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
Cs point group. Therefore, the second and third fluorine atoms (F2 and F3) are geometrically equivalent. 
Method U-B3LYP U-M06-2X U-MP2 
B—F1 1.316 1.310 1.318 
B—F2 1.316 1.311 1.317 
B!!!F4 2.871 2.568 2.768 
F1—B—F2 120.0 120.0 120.0 
F1—B!!!F4 94.1 93.5 86.9 
F2—B—F3 120.0 120.1 120.0 
F2—B!!!F4 88.5 89.2 92.1 
Frequencies 46 (A’) 68 (A”) 45 (A”) 
 56 (A’) 78 (A’) 55 (A’) 
 60 (A”) 120 (A’) 77 (A’) 
 472 (A”) 476 (A”) 473 (A”) 
 472 (A’) 477 (A’) 474 (A’) 
 672 (A’) 680 (A’) 682 (A’) 
 884 (A’) 906 (A’) 886 (A’) 
 1442 (A”) 1477 (A”) 1457 (A’) 
 1443 (A’) 1485 (A’) 1462 (A”) 
 
Table 3: BF4 (cov) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
C2v point group. Therefore, the first and second fluorine atoms (F1 and F2) and the third and fourth fluorine 
atoms (F3 and F4) are geometrically equivalent.  
*This unphysically high vibrational frequency is due to an orbital instability. 
Method U-B3LYP U-M06-2X U-MP2 
B—F1 1.500 1.485 1.491 
B—F3 1.326 1.321 1.327 
F1—B—F2 80.1 78.4 77.2 
F1—B—F3 112.6 112.9 113.1 
F3—B—F4 119.8 119.9 119.8 
Frequencies 277 (A2) 284 (A2) 281 (A2) 
 314 (B2) 324 (B2) 393 (A1) 
 364 (A1) 391 (A1) 442 (B1) 
 440 (B1) 446 (B1) 485 (B2) 
 511 (A1) 522 (B2) 568 (A1) 
 521 (B2) 553 (A1) 781 (A1) 
 739 (A1) 781 (A1) 1178 (A1) 
 1129 (A1) 1188 (A1) 1421 (B1) 
 1395 (B1) 1441 (B1) 9861 (B2)* 
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Table 4: BF3Cl- Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, and 
harmonic vibrational frequencies are in cm-1. This species belongs to the C3v point group. Therefore, all of 
the fluorine (F) atoms are geometrically equivalent.  
Method R-B3LYP R-M06-2X R-MP2 
B—F 1.388 1.381 1.390 
B—Cl 1.981 1.958 1.942 
F—B—F 111.4 111.4  111.1 
F—B—Cl 107.4 107.5 107.8 
Frequencies 264 (E) 271 (E) 273 (E) 
 328 (A1) 353 (A1) 360 (A1) 
 461 (E) 469 (E) 465 (E) 
 628 (A1) 547 (A1) 642 (A1) 
 840 (A1) 876 (A1) 863 (A1) 
 1117 (E) 1164 (E) 1130 (E) 
 
Table 5: BF3Cl (vdW) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
Cs point group. Therefore, the second and third fluorine atoms (F2 and F3) are geometrically equivalent. 
*The M06-2X structure reported is of C1 (near Cs) symmetry. 
Method U-B3LYP U-M06-2X* U-MP2 
B—F1 1.317 1.312 1.318 
B—F2 1.316 1.311 1.318 
B!!!Cl 3.384 2.998 3.137 
F1—B—F2 120.0 120.0 120.0 
F1—B!!!Cl 86.5 87.1 87.7 
F2—B—F3 120.0 120.0 120.0 
F2—B!!!Cl 92.4 92.8 92.1 
Frequencies 37 (A’) 56 50 (A”) 
 39 (A”) 74 57 (A’) 
 41 (A’) 91 67 (A’) 
 471 (A”) 475 472 (A”) 
 471 (A’) 476 473 (A’) 
 667 (A’) 665 671 (A’) 
 883 (A’) 904 885 (A’) 
 1436 (A’) 1468 1452 (A’) 
 1442 (A”) 1482 1458 (A”) 
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Table 6: BF2Cl2- Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, and 
harmonic vibrational frequencies are in cm-1. This species belongs to the C2v point group. Therefore, both 
of the fluorine (F) atoms and both of the chlorine (Cl) atoms are geometrically equivalent. 
Method R-B3LYP R-M06-2X R-MP2 
B—F 1.375 1.370 1.380 
B—Cl 1.928 1.910 1.902 
F—B—F 112.4 112.3 111.9 
F—B—Cl 109.0 109.0 109.1 
Cl—B—Cl 108.6 108.4 109.4 
Frequencies 200 (A1) 206 (A1) 210 (A1) 
 253 (A2) 257 (A2) 259 (A2) 
 338 (B1) 355 (B1) 359 (B1) 
 353 (B2) 358 (B2) 362 (B2) 
 359 (A1) 376 (A1) 377 (A1) 
 556 (A1) 571 (A1) 567 (A1) 
 642 (B1) 680 (B1) 692 (B1) 
 975 (A1) 1012 (A1) 992 (A1) 
 1144 (B2) 1187 (B2) 1150 (B2) 
 
Table 7: BF2Cl2 (vdW) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
Cs point group. Therefore, the two fluorine atoms are geometrically equivalent.  
Method U-B3LYP U-M06-2X U-MP2 
B—Cl1 1.775 1.758 1.746 
B—F 1.309 1.306 1.316 
B!!!Cl2 3.087 3.011 3.198 
Cl1—B—F 119.7 119.9 120.3 
Cl1—B!!!Cl2 66.5 74.3 89.1 
F—B—F 120.6 120.2 119.3 
F—B!!!Cl2 102.6 98.7 91.4 
Frequencies 35 (A’) 55 (A”) 32 (A’) 
 46 (A”) 57 (A’) 60 (A”) 
 119 (A’) 90 (A’) 62 (A’) 
 331 (A”) 337 (A”) 343 (A”) 
 414 (A’) 422 (A’) 424 (A’) 
 564 (A’) 575 (A’) 587 (A’) 
 669 (A’) 695 (A’) 697 (A’) 
 1201 (A’) 1243 (A’) 1239 (A’) 
 1452 (A”) 1478 (A”) 1437 (A”) 
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Table 8. BF2Cl2 (cov) Geometrical Parameters and Vibrational Frequencies. . Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
C2v point group. Therefore, both of the fluorine atoms (F) and both of the chlorine atoms (Cl) are 
geometrically equivalent. 
Method U-B3LYP U-M06-2X U-MP2 
B—F 1.327 1.323 1.331 
B—Cl 1.971 1.949 1.942 
F—B—F 119.4 119.5 119.0 
F—B—Cl 112.2 112.4 112.7 
Cl—B—Cl 83.2 81.8 81.2 
Frequencies 201 (B1) 210 (A2) 209 (A2) 
 206 (A2) 248 (B1) 270 (A1) 
 234 (A1) 262 (A1) 319 (B1) 
 322 (B2) 326 (B2) 330 (B2) 
 366 (A1) 387 (A1) 392 (A1) 
 461 (B1) 477 (B1) 584 (A1) 
 564 (A1) 587 (A1) 718 (B1) 
 1064 (A1) 1100 (A1) 1084 (A1) 
 1367 (B2) 1406 (B2) 1375 (B2) 
 
Table 9: BFCl3- Geometrical Parameters and Vibrational Frequencies.  Bond distances are in Å, and 
harmonic vibrational frequencies are in cm-1. This species belongs to the C3v point group. Therefore, all of 
the chlorine (Cl) atoms are geometrically equivalent. 
Method R-B3LYP R-M06-2X R-MP2 
B—F 1.367 1.364 1.374 
B—Cl 1.899 1.883 1.878 
F—B—Cl 109.7 109.8 109.9 
Cl—B—Cl 109.2 109.1 109.1 
Frequencies 194 (E) 198 (E) 202 (E) 
 283 (A1) 289 (A1) 294 (A1) 
 328 (E) 339 (E) 340 (E) 
 446 (A1) 466 (A1) 467 (A1) 
 648 (E) 690 (E) 704 (E) 
 1081 (A1) 1117 (A1) 1086 (A1) 
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Table 10: BFCl3 (vdW) Geometrical Parameters and Vibrational Frequencies. Bond distances are in 
Å, bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to 
the C1 point group. Therefore, there is no geometric equivalency in its bonds, and the vibrational 
frequencies possess no symmetry. 
Method U-B3LYP U-M06-2X U-MP2 
B—F 1.307 1.305 1.315 
B—Cl1 1.764 1.737 1.739 
B—Cl2 1.744 1.756 1.748 
B!!!Cl3 3.788 3.119 3.258 
F—B—Cl1 119.2 120.2 119.7 
F—B—Cl2 120.5 118.7 119.0 
F—B!!!Cl3 72.3 96.7 93.4 
Cl1—B—Cl2 120.3 121.1 121.3 
Cl1—B!!!Cl3 46.9 102.8 100.0 
Cl2—B!!!Cl3 167.1 71.4 77.6 
Frequencies 14 37 18 
 43 46 37 
 104 91 54 
 267 263 268 
 360 364 367 
 513 502 514 
 549 563 567 
 944 977 1003 
 1333 1357 1332 
 
Table 11: BFCl3 (cov) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
Cs point group. Therefore, the first and second chlorine atoms (Cl1 and Cl2) are geometrically equivalent. 
Method U-B3LYP U-M06-2X U-MP2 
B—F 1.326 1.323 1.332 
B—Cl1 1.968 1.944 1.937 
B—Cl3 1.780 1.772 1.771 
F—B—Cl1 111.3 111.6 112.0 
F—B—Cl3 118.4 118.5 118.3 
Cl1—B—Cl2 82.9 81.6 81.2 
Cl1—B—Cl3 113.9 113.9 113.9 
Frequencies 168 (A”) 174 (A”) 176 (A”) 
 214 (A’) 230 (A’) 234 (A’) 
 216 (A”) 264 (A”) 295 (A’) 
 273 (A’) 289 (A’) 303 (A”) 
 341 (A’) 354 (A’) 358 (A’) 
 413 (A”) 441 (A”) 483 (A’) 
 454 (A’) 482 (A’) 688 (A”) 
 761 (A’) 807 (A’) 819 (A’) 
 1239 (A’) 1272 (A’) 1248 (A’) 
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Table 12: BCl4- Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, and 
harmonic vibrational frequencies are in cm-1. This species belongs to the Td point group. Therefore, all of 
the chlorine (Cl) atoms are geometrically equivalent, and all the bond angles are 109.5°, to one decimal 
place. 
Method R-B3LYP R-M06-2X R-MP2 
B—Cl 1.879 1.864 1.861 
Frequencies 178 (E) 181 (E) 184 (E) 
 264 (T2) 268 (T2) 273 (T2) 
 390 (A1) 405 (A1) 409 (A1) 
 651 (T2) 685 (T2) 710 (T2) 
 
Table 13: BCl4 (vdW) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
Cs point group. Therefore, the second and third chlorine atoms (Cl2 and Cl3) are geometrically equivalent. 
Method U-B3LYP U-M06-2X U-MP2 
B—Cl1 1.770 1.754 1.748 
B—Cl2 1.740 1.736 1.737 
B!!!Cl4 3.529  3.209 3.317 
Cl1—B—Cl2 119.4 119.6 119.7 
Cl1—B!!!Cl4 54.9 68.8 71.5 
Cl2—B—Cl3 121.3 120.8 120.5 
Cl2--B!!!Cl4 106.7 100.7 99.4 
Frequencies 3 (A”) 25 (A”) 27 (A”) 
 29 (A’) 45 (A’) 36 (A’) 
 110 (A’) 92 (A’) 56 (A’) 
 248 (A”) 250 (A”) 255 (A”) 
 253 (A’) 252 (A’) 256 (A’) 
 444 (A’) 439 (A’) 449 (A’) 
 463 (A’) 479 (A’) 481 (A’) 
 891 (A’) 943 (A’) 963 (A’) 
 955 (A”) 978 (A”) 985 (A”) 
 
Table 14: BCl4 (cov) Geometrical Parameters and Vibrational Frequencies. Bond distances are in Å, 
bond angles are in degrees (°), and harmonic vibrational frequencies are in cm-1. This species belongs to the 
C2v point group. Therefore, the first and second chlorine atoms (Cl1 and Cl2) and the third and fourth 
chlorine atoms (Cl3 and Cl4) are geometrically equivalent. 
Method U-B3LYP U-M06-2X U-MP2 
B—Cl1 1.780 1.772 1.772 
B—Cl3 1.961 1.936 1.928 
Cl1—B—Cl2 118.0 118.1 118.0 
Cl1—B—Cl3 112.7 112.9 113.0 
Cl3—B—Cl4 87.7 81.6 81.3 
Frequencies 156 (A2) 160 (A2) 162 (A2) 
 197 (A1) 207 (A1) 211 (A1) 
 211 (B1) 242 (B1) 249 (B2) 
 244 (B2) 246 (B2) 262 (B1) 
 279 (A1) 304 (A1) 310 (A1) 
 368 (B1) 397 (B1) 427 (A1) 
 397 (A1) 423 (A1) 667 (B1) 
 681 (A1) 736 (A1) 752 (A1) 
 862 (B2) 902 (B2) 906 (B2) 
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Table 15: Relative Energies, with Respect to Dissociation into Infinite Distance. All values are given in 
kcal/mol.  
*The M06-2X structure is of less symmetry (C1) than the other BF3Cl (vdW) structures (Cs). 
Method ΔU-B3LYP ΔU-M06-2X ΔU-MP2 ΔPU-MP2 
BF4 (vdW) -0.53 -2.02 -1.34 -1.34 
BF4 (cov) 1.90 7.90 11.41 8.25 
BF3Cl (vdW) -0.53 -2.48* -1.90 -1.91 
BF2Cl2 (vdW) -1.85 -3.20 -1.92 -1.93 
BF2Cl2 (cov) -2.10 -3.61 -0.93 -1.92 
BFCl3 (vdW) -2.14 -3.13 -1.92 -1.93 
BFCl3 (cov) -0.93 -3.11 -1.41 -2.39 
BCl4 (vdW) -1.67 -3.13 -2.10 -2.12 
BCl4 (cov) 0.41 -2.53 -1.95 -2.93 
 
Table 16: Calculated Vertical Attachment Energies (VAEs). All values are given in eV.  
*The M06-2X structure is of less symmetry (C1) than the other BF3Cl (vdW) structures (Cs). 
§SOURCE: Goebbert, D.J. A theoretical study of boron tetrahalides: Structures and electron affinities. 
Comput. Theor. Chem. 2011, 976, 201-208. 
Method ΔB3LYP ΔM06-2X ΔU-MP2 ΔPU-MP2 Goebbert§ 
BF4 (vdW) 4.12 4.15 4.28 4.23 3.49 
BF4 (cov) 5.40 5.53 5.64 5.46 5.44 
BF3Cl (vdW) 4.00 4.13* 4.03 3.99 4.04 
BF2Cl2 (vdW) 3.58 4.88 4.02 3.97 3.61 
BF2Cl2 (cov) 4.11 4.12 4.15 4.06 4.14 
BFCl3 (vdW) 3.28 3.83 3.95 3.90 3.92 
BFCl3 (cov) 4.21 4.23 4.27 4.18 4.25 
BCl4 (vdW) 3.52 3.78 3.87 3.81 3.54 
BCl4 (cov) 4.31 4.34 4.39 4.29 3.46 
 
Table 17: Calculated Adiabatic Detachment Energies (ADEs). All values are given in eV. 
*The M06-2X structure is of less symmetry (C1) than the other BF3Cl (vdW) structures (Cs). 
§SOURCE: Goebbert, D.J. A theoretical study of boron tetrahalides: Structures and electron affinities. 
Comput. Theor. Chem. 2011, 976, 201-208. 
Method ΔB3LYP ΔM06-2X ΔUMP2 ΔPU-MP2 Goebbert§ 
BF4 (vdW) 6.81 6.92 7.04 6.99 6.83 
BF4 (cov) 6.92 7.35 7.59 7.41 6.95 
BF3Cl (vdW) 4.93 5.06* 5.05 5.00 4.97 
BF2Cl2 (vdW) 5.05 5.24 5.28 5.22 5.09 
BF2Cl2 (cov) 5.04 5.22 5.32 5.22 5.07 
BFCl3 (vdW) 5.14 5.40 5.46 5.41 5.27 
BFCl3 (cov) 5.20 5.39 5.48 5.39 5.23 
BCl4 (vdW) 5.23 5.50 5.60 5.54 5.27 
BCl4 (cov) 5.31 5.53 5.60 5.51 5.47 
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Table 18: Calculated Vertical Detachment Energies (VDEs). All values are given in eV. 
*SOURCE: Sikorska, C.; Smuczyńska, S.; Skurski, P.; Anusiewicz, I. BX4- and AlX4- Superhalogen 
Anions (X = F, Cl, Br): An ab Initio Study. Inorg. Chem. 2008, 47, 7348-7354. 
§SOURCE: Goebbert, D.J. A theoretical study of boron tetrahalides: Structures and electron affinities. 
Comput. Theor. Chem. 2011, 976, 201-208. 
Method ΔB3LYP ΔM06-2X ΔU-MP2 ΔPU-MP2 Anusiewicz* Goebbert§ 
BF4 7.26 8.22 8.12 7.95 8.975 7.16 
BF3Cl 5.97 6.16 6.23 6.18 6.428 5.93 
BF2Cl2 5.57 5.92 5.97 5.97 6.089 5.58 
BFCl3 5.47 5.94 6.03 5.93 6.076 5.46 
BCl4 5.53 6.09 6.10 6.02 6.218 5.51 
 
 
